Synopsis Ecoimmunology is an example of how fruitful integrative approaches to biology can be. Since its emergence, ecoimmunology has sparked constructive debate on a wide range of topics, from the molecular mechanics of immune responses to the role of immunity in shaping the evolution of life histories. To complement the symposium Methods and Mechanisms in Ecoimmunology and commemorate the inception of the Division of Ecoimmunology and Disease Ecology within the Society for Integrative and Comparative Biology, we appraise the origins of ecoimmunology, with a focus on its continuing and valuable integration with disease ecology. Arguably, the greatest contribution of ecoimmunology to wider biology has been the establishment of immunity as an integral part of organismal biology, one that may be regulated to maximize fitness in the context of costs, constraints, and complex interactions. We discuss historical impediments and ongoing progress in ecoimmunology, in particular the thorny issue of what ecoimmunologists should, should not, or cannot measure, and what novel contributions ecoimmunologists have made to the understanding of host-parasite interactions. Finally, we highlight some areas to which ecoimmunology is likely to contribute in the near future.
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Ecoimmunology before 2014
In 2014, the discipline of ecological immunology (Sheldon and Verhulst 1996) , or ecoimmunology, is going strong (Fig. 1) . It comprises diverse approaches and has drawn on, and contributed to, the techniques and conceptual foundations of many disciplines. It addresses questions at multiple levels of biological organization, from comparative studies on the evolution of immunity (e.g., Nunn 2002) to investigations of the short-term physiological dynamics of individuals (e.g., Buehler et al. 2011) . It is therefore a truly integrative approach to understanding biological pattern and process (Wake 2003) .
The current state of ecoimmunology is the result of more than three decades of wide-ranging research, which arguably was initiated by the proposition of the immunocompetence handicap hypothesis (ICHH; Folstad and Karter 1992) . The ICHH was a product of behavioral ecology, which proposed an immune-mediated mechanism to explain variation in sexually selected traits of males. It built on the ideas of the handicap principle (Zahavi 1975) and parasite-mediated selection (Hamilton and Zuk 1982) by suggesting that males' sexual ornaments were handicaps due to the immunosuppressive effects of the testosterone required for their expression. As it turned out, of course, things were not so simple (Roberts et al. 2004) , and the major contribution of the ICHH became the appreciation that the relationship between the neuroendocrine and immune systems is more complex than originally thought, but nonetheless important in the evolution of sexual, and other, traits (Westneat and Birkhead 1998; Demas et al. 2011a ).
The ICHH is not solely responsible for the rise of ecoimmunology, though. Ideas that would later become central to the field had been discussed years before (Williams 1966; Grossman 1985; Langman and Cohn 1987; Klasing 1988; Behnke et al. 1992) , and changes in the way wider biology was being practiced (Wake 2008 ) facilitated its emergence. Not least of these was an increasing adoption of integrative approaches, such as behavioral and comparative endocrinology. As researchers in traditionally mechanistic disciplines, such as endocrinology and immunology, conceptually worked upward through levels of biological organization, they began to meet ecologists seeking to understand the mechanisms driving higher-order processes, such as mating behavior, aggression, host-parasite interactions, the evolution of virulence, distributions of animals, and many other phenomena.
Behavioral ecologists, in particular, made instrumental contributions to ecoimmunology. They showed, for example, that immunity varies with the environmental characteristics of the habitats occupied by hosts (Nunn et al. 2000 (Nunn et al. , 2003 Semple et al. 2002; Matson 2006) , time of year (Nelson 2004; Martin et al. 2008) , life-history strategy (Tieleman et al. 2005; Martin et al. 2006a Martin et al. , 2007 Sparkman and Palacios 2009) , life-history stage (Love et al. 2008) , and a diversity of other factors. Such research, as well as that carried out by comparative and behavioral endocrinologists, continued to emphasize immune interactions with the neuroendocrine system (Demas 2004; Ashley and Wingfield 2012) by focusing on responses to stress (Casto et al. 2001; Berger et al. 2005; Martin 2009 ), reproductive physiology McKean and Nunney 2007; Nunn et al. 2009 ), and social behavior (Wilson et al. 2002; Archie et al. 2012 ). This body of work underlies the major interests of the field today. Moreover, the study of various, sometimes exotic, organisms under natural conditions led to a profound and yet (in retrospect) unsurprising discovery: the magnitude of variation in immunity between individuals, groups, and species is far greater than was implicitly predicted by traditional immunology. In spite of strong selection against disease, most organisms maintain a degree of genetic and physiological vulnerability to infection. This key insight would not have been possible using a small number of model species in the controlled laboratory setting of traditional immunology (Pedersen and Babayan 2011) .
The cost of immunity: the field's greatest contribution
The most influential idea to have emerged from the development of ecoimmunology is that immunity can be costly. Taking their cue from behavioral ecology, the first ecoimmunologists applied an optimality approach to immunity, assuming that defenses are regulated to maximize net fitness in the context of costs, ecological influences, and constraints (van Boven and Weissing 2004) . The costs of immunity were investigated in different ways, but much work suggested that they could be high, and that they had Fig. 1 The occurrence of the search terms ''disease'', ''ecology'', ''immunology'', ''integrative biology'', ''disease ecology'', and ''ecological immunology'' in Google books Ngram Viewer, a tool for searching the digitized text of $4% of all books ever published in English (Michel et al. 2011) . Ngram Viewer provides the proportion of words (or phrases composed of the same number of words) in the available corpus of text that match the search term (dubbed ''Ngram''). Here, in order to show trends over time independently of absolute frequency, we scaled outputs so that the maximum proportion for each search term between 1958 and 2008 was equal to the maximum for the most commonly occurring search term, which was ''disease''. The un-scaled maximum proportions were: ''disease'' 1.23 Â 10 ecological and evolutionary ramifications. Evolutionary costs of immunity, for example, can arise through pleiotropy (McKean et al. 2008 ). Experiments and meta-analyses have shown negative genetic covariance between immunity and growth, reproductive success, and other measures of competitive ability (Verhulst et al. 1999; van der Most et al. 2011) . Over shorter time-scales, the maintenance (e.g., Valtonen et al. 2009 ) and deployment (e.g., Derting and Compton 2003) of immune responses can exact physiological costs, both in terms of energy (Lochmiller and Deerenberg 2000; Martin et al. 2003; Ardia et al. 2012 ) and materials (Gasparini et al. 2009; Cotter et al. 2011) . Importantly, such physiological costs were associated with fitness: induction of immune responses could reduce fitness (Mallon et al. 2003; Schmid-Hempel 2003; Garamszegi et al. 2004; Sanz et al. 2004; Eraud et al. 2005 Eraud et al. , 2009 Jacot et al. 2005; Uller et al. 2006; Bonneaud et al. 2009 ), and experimental increases in other activities (e.g., rearing, begging, foraging, and sexual behavior) could decrease immune activity (Deerenberg et al. 1997; Hasselquist et al. 2001; McKean and Nunney 2001; Ahtiainen et al. 2005; Verhulst et al. 2005 ; Moreno-Rueda 2010).
As researchers came to appreciate the ubiquity of immune costs, they began to ask how ecological factors might affect their expression (Sandland 2003; Sadd and Schmid-Hempel 2009) . It was found, for instance, that although experimental increases in the expenditure of energy on other activities could increase the metabolic cost of clearing infection, it could do so without affecting the outcome of infection (e.g., Zala et al. 2008) . Thus, ecological context has a strong influence on the cost-benefit ratio of most immune responses (Doeschl-Wilson et al. 2009; Lazzaro and Little 2009) ; availability of food, for example, may only have an effect on immunity in certain age classes (e.g., Birkhead et al. 1999) and may even affect different arms of the immune system in opposite directions (e.g., Gonzalez et al. 1999) . Interactions among environmental factors and genotype (e.g., Adamo and Lovett 2011; Triggs and Knell 2011) can further modulate the balance between the costs and benefits of immune investments.
What to measure: the field's greatest conundrum An issue that remains central to ecoimmunology is how best to measure immunity (Siva-Jothy 1995). Early on, researchers seeking to test newly formulated hypotheses about immunity in the context of life history sought to measure immunocompetence, the ability of a host to control or avoid infection and other disease-related threats to fitness. However, this was a red herring (Owens and Wilson 1999) , and lost favor quickly; ''immunocompetence'' was intangible and, more importantly, seemed immeasurable , so ecoimmunologists began to take a more nuanced approach. Even as practitioners moved away from the simplistic concept of ''immunocompetence'' (Adamo 2004) , though, they remained limited by the small number of measures of variation in immunity that were available. As ecoimmunologists tended to have greater ecological rather than immunological expertise, simple, field-amenable techniques garnered the most use.
Perhaps the measure that has been used most commonly during the history of ecoimmunology is the phytohemagglutinin (PHA) skin-swelling response (Demas et al. 2011b) . PHA was (and is) used to stimulate the proliferation of lymphocytes and local inflammation in vivo (and rarely in vitro). When injected into or under the skin, PHA induces the infiltration of leukocytes (Martin et al. 2006c; Turmelle et al. 2010 ) and hence a swelling, the thickness of which is interpreted as a measure of the strength of the immune response. This response has been measured in pinnipeds (Hall et al. 1999; Brock et al. 2013a) , bats (Turmelle et al. 2010) , deer (Fernández-de-Mera et al. 2008) , toads (Brown et al. 2011) , and many other species. It was favored by ecoimmunologists because of evidence linking it to the host's fitness (Møller and Saino 2004) and to an energetic cost (Martin et al. 2003) . PHA and substances like it have the added advantage that they preclude the possibility of manipulative actions on the part of pathogens confounding the interpretation of the variation in immune responses .
The principal objection to PHA (and to other measures used early on in the history of ecoimmunology) was that hosts' responses to PHA might not be representative of the same hosts' responses to pathogens (Kennedy and Nager 2006) . PHA directly and indiscriminately activates lymphocytes, antigen presentation, and other parts of cell-mediated cascades, and may incite acute-phase (febrile) responses at high doses. How reasonable was it, therefore, to interpret more swelling as ''better''? Did ''better'' mean with respect to all parasites (i.e., immunocompetence), some parasites (i.e., those regulated by T-cell, basophil, or other PHA-primed mediators), or something else altogether? Several authors offered opinions, including that PHA should be considered an indicator of the inducibility of pro-inflammatory signaling (Vinkler et al. 2010 ).
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Still, as with many options for characterizing immunity, the degree to which responses are related to coping with pathogens is likely to vary among types or strains of pathogens, hosts, and stages of infection (Owen and Clayton 2007) . However, something surprising happened when this potentially major impediment was formalized; instead of causing the field to collapse, it animated ecoimmunology. The reason for this probably lies in the recurrent and intelligible patterns of covariation between PHA responses (and other immune parameters) and eco-evolutionary factors (Martin et al. 2001; Tella et al. 2002) . Even with coarse tools, ecoimmunologists were able to describe and explain variation in immunity across species. It is possible that by measuring multiple distinct immune responses (Martin et 
Ecoimmunology in 2014
Today, striking a balance between the relevance and feasibility of measures remains a challenge , and much current effort in ecoimmunology remains invested in the development of tools (Boughton et al. 2011 ). Conceptually, a defining feature of modern ecoimmunology is that it embraces and attempts to describe natural variation, which contrasts with traditional laboratory-based immunology. It could be argued that a lack of tools has been beneficial to the field in some ways; because ecoimmunology is forced to evaluate immunity above the levels of the molecule and cell, it gleans insight outside the purview of bench immunology. A good example is the concept of tolerance. Tolerance is defined ecologically as the relationship between the burden of infection and the effects of infection on hosts (immunologists use the term for another process). Mathematically, ecological tolerance is often quantified as the slope of the relationship between parasite burden and host fitness. As much has been written recently about the implications of tolerance, we do not restate those here. What is important is that although we have yet to identify many mechanisms of tolerance (Råberg et al. 2009 ), we now appreciate that hosts might interact with their parasites in a completely new way. It may not be beneficial to clear infections altogether (i.e., achieve sterilizing immunity); instead, hosts could control the number of parasites or offset their effects. This whole-organism phenomenon was underappreciated as part of immunology until a few years ago. Now it is gaining mainstream attention, opening new doors to the treatment of human disease, and contributing to understanding of the spread and emergence of diseases, including zoonoses (Baucom and de Roode 2011).
Ecoimmunology and disease ecology
Ecoimmunology is likely to continue to make contributions to our understanding of host-parasite interactions; and increasing interchange with another burgeoning field, disease ecology, is likely to enhance these contributions. Disease ecology seeks to explain and predict the transmission and emergence of diseases at the population-level and above, and the organismal and sub-organismal traits mediating large-scale biological processes are black-boxed. By contrast, ecoimmunology has-until recentlyfocused on investigating how the traits of hosts impact variation in immunity, irrespective of infection (as surprising as that may seem). Thus, even though ecoimmunology (unlike traditional immunology) (Ottaviani et al. 2008; Schulenburg et al. 2009 ) is more amenable to top-down, bottom-up, and even middle-out pathways of inference (Annila and Baverstock 2014) , it will benefit from increasing interdisciplinary exchange with disease ecology, as framing studies of variation in immunity in the context in which immunity operates and evolves , especially the parasites to which immunity is directed (Pedersen and Greives 2008; Hawley and Altizer 2011) , is almost guaranteed to generate greater and more rapid progress. This integration may also have beneficial knockon effects on related disciplines such as conservation biology, where the combined tools of ecological immunology and disease ecology have the potential to contribute to understanding of the biology of invasions (Kolar and Lodge 2001) and of anthropogenic effects on the health of wildlife populations (French et al. 2010; Brock et al. 2013b ). For example, escape from the natural enemies found in a species' native range could select for lower investment in defense and greater investment in growth and reproduction (Lee and Klasing 2004; White and Perkins 2012) . Such a shift in life-history could modify community structure and the rates of contact between hosts, which could result in the spread or emergence of novel diseases. In addition, the application of the combined approaches of ecoimmunology and disease ecology could lead to better understanding of the amplification of infections that cycle through multi-host systems of disease transmission (Previtali et al. 2012 ).
Future
The future of ecoimmunology (and disease ecology) looks bright. One area that we expect to see grow is the continued exploration of immune costs, tradeoffs, and their context-dependencies. The cost of developing an acquired immune system, for example, is presumed to be high given the amount of protein synthesis and gluconeogenesis required to build up repertoires of B-lymphocytes and T-lymphocytes during early ontogeny (Lochmiller and Deerenberg 2000; Martin et al. 2008 ). This developmental cost may be offset by the metabolic cheapness of the deployment of acquired immune responses relative to innate immune responses later in life (Råberg et al. 2002) , a trade-off that is made possible by the downregulation of innate inflammatory responses by cytokines released during the activation of acquired responses (Lee 2006) . Intriguingly, the costs of immunity may be offset across generations, as recent work has shown that the effects of a mother's experience, nutritional status, and provisioning behavior may all have impacts on the immunity of her offspring, a line of investigation that is yielding insights relevant to behavioral ecology, immunology, and disease ecology (Pihlaja et al. 2006; Addison et al. 2009; Hasselquist and Nilsson 2009; Garnier et al. 2012; Hasselquist et al. 2012) .
For many, future immunology is likely to benefit most from a two-pronged approach, and one that overlaps with ecological immunology (e.g., Turner et al. 2011) : parts of studies could be carried out in controlled settings whereas others could be carried out in natural contexts . Overall, there is consensus that as many types of host, parasite, and environment should be studied as possible. Such broad-reaching work is increasingly feasible because techniques developed in the laboratory are being adapted for use in the field, and in different species. In the coming years, the continued integration with genetics, behavior, environmental stochasticity, diversity of pathogens, co-infection dynamics, and community ecology could produce an immunology that makes great leaps forward (Pedersen and Fenton 2007; Tompkins et al. 2010; Babayan et al. 2011; Pedersen and Babayan 2011) .
One of the most exciting prospects for ecoimmunology is its value to public (i.e., human) health.
Molecular and evolutionary biology were recently described as:
''. . . separate disciplines and scientific cultures: The former is mechanistic and focused on molecules; the latter is theoretical and focused on populations.'' (Rosenberg and Queitsch 2014) It was also noted that:
''. . . these domains are beginning to converge in laboratories addressing molecular mechanisms that explain how evolutionary processes work. And bring these processes to bear on medical problems . . . Each discipline can be viewed as a missing link in the other's description of biology, and in medicine. '' Much of this applies to the integration of ecology and immunology too. Ecoimmunology has much in common with evolutionary (or Darwinian) medicine, as both aim to understand responses to infection and their consequences in an eco-evolutionary framework (Trotter et al. 2011 )-but do so from different, yet complementary, perspectives. Just as the approaches of ecoimmunology are increasingly being applied on the population-level through integration with disease ecology, so the overlap between ecoimmunology and medicine is increasingly relevant to public health.
Consider the following example: it is axiomatic that diet is an important influence on disease processes in humans, which is why, for instance, school feeding programs are considered public health issues (Bundy et al. 2013 ). However, there has been a recent increase in interest in the details of the interactions between diet and infectious disease: for example, the contributions of malnutrition and malaria to one another's impacts in Niger (Burki 2013; Médecine Sans Frontières 2013) and elsewhere (Arinaitwe et al. 2012) . Traditionally, public health interventions were founded on data collected without reference to the mechanisms underlying the patterns being observed, as is the case, for example, in studies of cohorts, or in clinical trials. An increase in the perceived utility of understanding the mechanisms driving patterns observed in data on public health has precipitated integration with more traditionally mechanistic disciplines (such as immunology). To the benefit of public health, much integration has already occurred within biology-ecoimmunology being an example. Public health researchers can, therefore, adopt emerging integrative paradigms that link population-level processes to molecular mechanisms. For example, research in public health on infectious disease often uses mechanistic models of disease transmission to assess how public health interventions, incorporated into these models, are best able to reduce predicted transmission (e.g., Griffin et al. 2010) . In order for interactions between diet (or other aspects of ecology) and the persistence of disease (or other processes influenced by immunity) to be incorporated into such models, they will need to be described mechanistically. The same applies to developments in the study of the health of wild animals and livestock; understanding the ecoimmunological mechanisms regulating tolerance of parasites versus clearance of parasites in a reservoir species, for example, may significantly increase our ability to predict the frequency and location of disease spillover and emergence events (Martin et al. 2010; Martin and Boruta 2013) , which could have positive impacts on human and animal health, and on welfare, economic prosperity, and biodiversity. More generally, as ecoimmunology matures, it will have a chance to contribute to a fuller understanding of many other processes currently of interest to wider biology, such as the role of the microbiome in health and disease (Kau et al. 2011) , the distribution and spread of native and introduced species (Lee and Klasing 2004; Martin et al. 2014) , and the effects of anthropogenic stressors on the vitality of populations of humans and of wild organisms (Bradley and Altizer 2007; Acevedo-Whitehouse and Duffus 2009; Martin et al. 2010; Brock et al. 2013b ).
Conclusion
The origins, development, and current state of ecoimmunology are representative of the integration of approaches to understanding biological phenomena that has occurred during the past three decades (Pennisi 2014) . The exploration of the potential of this integration in the case of ecoimmunology has led to insight relevant to many disciplines, and inspired healthy and constructive interdisciplinary discussion, even when avenues of development have turned out to be narrower and more obstacle-laden than first envisioned. As ecoimmunology moves forward, it will no doubt continue to contribute to the unraveling of the complex workings of the immune system, and to the discussion and understanding of fundamental biological processes.
